In the last 10 years, we have observed an important increase of interest in the application of time-dependent energy density functional theory (TD-EDF). This approach allows to treat nuclear structure and nuclear reaction from small to large amplitude dynamics in a unified framework. The possibility to perform unrestricted three-dimensional simulations using state of the art effective interactions has opened new perspectives. In the present article, an overview of applications where the predictive power of TD-EDF has been benchmarked is given. A special emphasize is made on processes that are of astrophysical interest. Illustrations discussed here include giant resonances, fission, binary and ternary collisions leading to fusion, transfer and deep inelastic processes.
Introduction
The composition of the universe as we know it today is the result of nucleosynthesis. It involves several processes including phenomena where atomic nuclei encounter large amplitude collective motion (LACM). Some processes involve one or more nuclei to form new isotopes with larger masses and charges. Other processes depopulate regions of the nuclear chart. In particular, heavy nuclei may encounter α" α" α" Examples of large amplitude processes involved in the nucleosynthesis include: the binary fusion process (left), the ternary fusion process (bottom) and the fission process (right). In the three cases, the density profile at different time have been obtained with the Time-Dependent Energy Density Functional approach and are respectively taken from 2 (binary fusion of two 16 O nuclei), 3 (ternary fusion of three α's) and 4 (fission of 258 Fm).
fission into lighter systems. Several phenomena involving LACM have thus been clearly identified has playing a key role in nucleosynthesis. Some of these processes are illustrated in Fig. 1 . Amongst the basic nucleosynthesis processes, the pp chain is responsible for most of our Sun energy. This pp chain can however only explain the formation of nuclei up to the unstable 8 Be nucleus. As first guessed by F. Hoyle, a bridge between the pp chain and the CNO cycle can only be understood by invoking the fusion of three alpha's (ternary fusion) with the intermediate formation of a resonance in 8 Be (shown in the lower left side of Fig. 1) . Similarly, the symmetric complete of partial fusion of light nuclei plays an important role in the formation of nuclei with mass A < 60 (see left side of Fig. 1 ). Another example of LACM is the fission process that prevents the formation of heavy-and/or super-heavy elements through the s-process and/or rp-process.
Some of the LACM of astrophysical interest can be directly studied like selected symmetric fusion of light stable nuclei. Other cases, like the ternary fusion or reactions involving too exotic nuclei cannot be directly experimented on Earth. Microscopic theories able to describe precisely large amplitude phenomena can then give important insights into these reactions. At present, the only theory that is able to give a unified satisfactory framework of all nuclei except the lightest ones, as well as nuclear thermodynamic is the energy density functional (EDF). In the present article, we present an overview of recent progresses and successes made in the de-scription of nuclear LACM using the Time-Dependent Energy Density Functional (TD-EDF).
The Time-Dependent Energy Density Functional theory
The Time-Dependent Energy Density Functional theory is a generalization of the static EDF. 5, 6 In this approach, the complex many-body dynamical problem of strongly interacting fermions is replaced by the simpler problem of independent particle and/or quasi-particles interacting through a common self-consistent meanfield. Including pairing, the TD-EDF equation of motion can be written in a similar form as the Time-Dependent Hartree-Fock Bogolyubov (TDHFB) theory:
Here, R(t) and H(R) denote the generalized density and the self-consistent meanfield, respectively. They are given by
The sub-matrices ρ(t) and κ(t) are the normal and anomalous densities while h(t) and ∆(t) are the mean-field and pairing fields. In TD-EDF, the fields are defined as functional derivatives of the energy:
, where the energy E[ρ, κ, κ * ] is a functional of the densities. The parameters entering into the energy functional are directly adjusted on infinite nuclear matter and finite nuclei properties and therefore the functional approach already takes into account complex internal correlations. In that sense, it goes beyond a HF or HFB theory starting from a bare Hamiltonian. While some differences exist, the strategy and goals of the nuclear EDF are similar to the ab-initio DFT approach in condensed matter. The connection becomes even more evident noting that most practical (TD-)EDF are constructed from zero-range interaction giving an energy functional of the local normal and anomalous densities and eventually their derivatives. In practice, Eq. (1) is solved by introducing a fictitious trial vacuum associated to a complete set of quasi-particle states |W α = (U α , V α )
T that evolves through i ∂ t |W α = H(R)|W α . Altogether, we end up with the nuclear time-dependent EDF sequence:
When the nucleus is initially in a normal phase, due to the absence of spontaneous symmetry breaking and more specifically of the U (1) symmetry associated to particle number, the system cannot dynamically become superfluid. The meanfield dynamics is then disconnected from the anomalous sector and the evolution reduces to a set of single-particle state evolutions similar to TDHF.
Applications made at the early stage of TD-EDF, i.e. in the end of the 70's and beginning of the 80's, although very promising 7 were quite restricted due to the numerical constraints at that time. During more than 25 years, while static EDF has been constantly improved and confronted to experimental observations, time-dependent EDF approaches have been almost completely forsaken except in its small amplitude limit around equilibrium. Recently, several groups have taken the challenge to provide new TD-EDF codes without spacial symmetries and that use most advanced functionals consistently with nuclear structure. [8] [9] [10] [11] [12] [13] Pairing correlations have been included by several groups. [14] [15] [16] [17] [18] [19] With this renewal of interest, an effort is made to get a clear view of the TD-EDF predictive power. Theoretical and technical aspects related to mean-field theory with or without pairing correlations can be found in several recent reviews [20] [21] [22] [23] [24] In the present review, we present through recent illustrations different processes TD-EDF can successfully describe.
From small to large amplitude dynamics in one nucleus

Collective motion in nuclei
A small external perturbation applied to a nucleus can lead to a cooperative motion of individual nucleons leading to low-lying collective vibrations as well as giant resonances. The standard way to describe microscopically such ordered motion is to linearize the TD-EDF equation of motion around the ground state, leading to the socalled Random-Phase Approximation (RPA) or Quasi-particle RPA (QRPA) 6, 25, 26 .
This approach is nowadays well under control. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] However, the description of nuclei with various shapes, in particular triaxial deformation remains a technical challenge. The recent inclusion of pairing together with unrestricted 3D calculations allow to simulate collective motion by direct time evolution on a large scale across the nuclear chart. Indeed, pairing correlations are essential to get realistic properties for the ground state of nuclei especially for open-shell systems. The newly developed TD-EDF codes especially including pairing in the BCS approach are very attractive in terms of computational time. 15, 19 One important conclusion from these calculations is that TD-EDF results coincide with their QRPA counterparts. Time-dependent approaches have recently been used to make systematic studies like the onset of soft dipole mode in exotic nuclei 38 or the influence of deformation on the isoscalar GQR. 39, 40 An illustration of results obtained from the systematic analysis made in Ref. 40 is given in Fig. 2 . In that case, more than 700 nuclei were considered. Due to deformation, the response of the nucleus to an external stress is expected to present a fragmentation that is characteristic of this deformation. In Fig. 2 -c, the dependence of the splitting of collective energy has been precisely studied and interpreted.
Fission dynamic
One obvious advantage of the time-dependent simulation is that, contrary to the linear response theory, it can be applied to situations with strong external perturbations or when the nucleus encounters very large deformations. For instance, when the strength of the external field is in the non-linear regime one could a priori study anharmonic effects, coupling between different phonons as well as the onset of multiphonons. [41] [42] [43] [44] Larger amplitude motion in heavy systems like the fission process can be studied using the TD-EDF. As pointed out soon after the introduction of this approach in nuclear physics, 7, 45 the fission of atomic nuclei is certainly one of the most complex problem to describe in a many-body fermionic interacting system. 46 This stems from the coexistence of quantum effects in both single-particle and collective space (see for instance the recent review 47 ). The description of fission passes through the proper treatment of quantum tunneling in many-body system, spontaneous symmetry breaking, non-adiabatic effects,... In spite of this complex- ity, this problem has recently been revisited in a recent series of works 4, [48] [49] [50] [51] . An illustration of different fission paths in 258 Fm is shown in Fig. 3 (adapted from Refs 4, 51 ). A clear advantage of quantal microscopic transport theory is that they consistently include nuclear structure and dynamical effects. In particular, they do not rely on the assumption that the motion is adiabatic.
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Direct, Reac*on, Beam,Energy, 48 Ca, 40 Ca, 48 Ca, 40 Ca, Still, one difficulty is that mean-field approaches cannot describe the dynamics from a very compact shape of the initial nucleus to the separated outgoing nuclei. This stems from (i) the quasi-classical nature of collective dynamics leading to the absence of tunneling (ii) the wrong treatment of Landau-Zener effects close to single-particle energy crossing. The latter problem is seen both if dynamical pairing is included 4 or not. 49, 50 To overcome this limitation, it is assumed that the system follows a simple adiabatic dynamics from a compact shape to some already elongated shape outside the barrier. Then, it is possible to perform TD-EDF evolution starting from the latter deformed configuration. 46 This approach has been shown to lead to total kinetic energies and masses of nuclei after fission compatible with experimental observations. 4, 48, 50 These results open new perspectives towards a fully microscopic understanding of the fission process in nuclei.
Binary collisions
In the previous sections, we have shown illustrations of small and large amplitude collective motions where a single nucleus is initially considered. Since most nuclear properties can only be uncovered through nuclear reactions involving Heavy-Ion accelerators, a clear condition to access these properties is a precise understanding of the nuclear reaction itself. Experimentally, only initial and final products of the reaction can be known and/or detected. Due to the inclusion of single-particle quantum effects, the TD-EDF approach offers the possibility to describe many facets of low energy nuclear reactions, typically with beam energies lower than 10-15 MeV/A.
One of the richness of nuclear physics is the diversity of phenomena that could be observed depending on the beam energy and/or impact parameter of the reaction. While other approaches are usually dedicated to specific reaction channels, TD-EDF provides a single framework able to account for many of these channels from most peripheral to most central reactions including Coulomb and nuclear effects, collective and single-particle intrinsic excitations. Some of the channels of interest are shown in Fig. 4 (panel (a) ) as well as some corresponding simulations obtained with TD-EDF. Below, we give a summary of the recent discussions in the field for selected processes:
• Fusion reaction above the Coulomb barrier:
The description of fusion above the Coulomb barrier is one of the historical successes of TD-EDF 7, 54 . The TD-EDF approach corresponds to a semiclassical approximation for the relative motion of colliding nuclei during the approaching phase and properly accounts for the possible excitation of internal degrees of freedom during the reaction. 52 Due to this semiclassical nature, fusion can only occur for center of mass energies above the Coulomb barrier and up to an impact parameter that depends on the beam energy. Then, fusion cross-sections can be calculated using the semiclassical approximation:
where µ is the reduced mass, E c.m. is the center of mass energy and l max is the maximal angular momentum for which fusion takes place (for more details see 55, 56 ). The estimate of fusion cross-section turns out to reproduce rather well experimental observations. Besides the cross-sections, such calculations give important information on the minimal energy or on the maximal angular momentum at which fusion can occur. In particular, the former quantity was shown to be influenced by dynamical effects leading to a deviation from the limit where the density of nuclei are frozen in the approaching phase.
13, 57 These dynamical effects have been observed using different techniques leading to the notion of dynamical fusion barrier. Besides the location of the fusion barrier, two methods have been used to extract directly the nucleus-nucleus potential at all relative distances, namely the density constrained TDHF (DC-TDHF) 58, 59 and the dissipativedynamics TDHF (DD-TDHF). 13, 60 In particular, even if the sub-barrier fusion cannot be described with the TD-EDF approach, extracting the nucleus-nucleus potential from it allows to estimate the fusion cross-section at all energies (see for instance [61] [62] [63] [64] [65] [66] ). In addition to the fusion in the subbarrier regime, the specific case of heavy and very heavy elements has been considered in 22, 67, 68 giving some physical insight in the so-called "extrapush" energy necessary to form these systems. It is finally worth mentioning the specific study of nuclear fusion between light nuclei for astrophysical interest that has been made in Ref.
69
• Nucleon transfer in the sub-barrier or deep-sub-barrier regime:
In recent years, clean experiments have been made to provide information on nucleon transfer below the Coulomb barrier. [70] [71] [72] The TD-EDF framework provides a quantum description of single-particle transfer. An illustration of the single-particle transfer reaction is given in Fig. 4 (panel  (b) ). One difficulty is that reaction partners after the reactions correspond to a strongly entangled many-body wave-function. Guided by the particle number projection technique used in the nuclear structure context, a method has been proposed in Ref. 73 to extract probabilities to transfer one or more particles from one nucleus to the other. Recent applications include systematic studies and comparisons with experimental data. 74 An interesting extension has also been proposed to extract the excitation energy in the fragments produced in the various transfer channels. 75 The particle number projection technique has been generalized to treat the transfer to/from superfluid nuclei in Ref.
17 .
• Deep inelastic, quasi-fission and dissipative aspects: TD-EDF approach contains dissipative effects associated to the reorganization of singleparticle states and to the motion of the nuclear shape. In particular, it includes the dissipation due to the nucleon exchange (window mechanism) and the dissipation induced by the resistance of the single-particle states to the change in the self-consistent mean-field (wall effect). 47 The TD-EDF dynamics can be mapped into a simple one dimensional evolution for the relative distance R(t) and relative momentum as:
where µ and γ are respectively the reduced mass and friction coefficients. This macroscopic mapping that is the basis of the DD-TDHF approach 13, 60, 76 not only has given access to the nucleus-nucleus potential as discussed above but also was one of the first attempt to obtain information on dissipation directly from TD-EDF. A second approach, based on the interpretation of mean-field dynamics as an average evolution over fluctuating initial conditions has also been proposed and applied in Refs.
77-80
The extracted transport coefficients turns out to be in good agreement with those usually used in macroscopic-microscopic approaches. 81 In the case of small fluctuations, the latter approach could be reduced 82 to the time-dependent RPA. 83 The TDRPA has been applied to compute fragment mass and charge distributions in giant resonances 84, 85 and in deepinelastic collisions.
53, 86, 87
More generally, time-dependent mean-field approaches can provide important insight into reaction mechanisms where dissipation occurs in collective space. This framework is in particular optimal to provide the mean evolution of single-particle operators like mean particle number, total angular momentum and/or total kinetic energy. It is therefore particularly suited for the description of semi-peripheral collisions associated to deeply inelastic collisions like multi-nucleon transfer or quasi-fission. [88] [89] [90] An illustration of quasi-fission dynamics is shown in Fig. 4-(d) . In addition to a good reproduction of experimental quasi-fission fragment mass-angle distributions,
88
TD-EDF calculations can be used to investigate energy sharing between kinetic energy of outgoing fragments and dissipation during the collision. 89 
Ternary collisions
As a final example, we want to stress that microscopic mean-field theory can also provide insights into reactions that could hardly be tested experimentally on earth. This is the case for reactions involving very exotic nuclei but also with reactions involving more than two nuclei. A typical example of particular astrophysical interest is the possible reaction between three α particles leading ultimately to the formation of a 12 C nucleus. While the importance of this process has been proposed by F. Hoyle long ago, very little is known on the way such a reaction can occur dynamically. The process has been recently simulated using TD-EDF in Ref.
3 giving for the first time a possible time-dependent view of the ternary fusion processes (see Fig. 4 ). At present, the description of dynamical process using TD-EDF in the nuclear astrophysics context has been only scarcely explored. But, certainly, the study made in Ref. 3 demonstrates that it can bring some interesting insight in this field.
Conclusion
In the present article, we tried to give an overview of the successes of TD-EDF through recent examples of applications. With the renewal of interest in the field, it is more and more evident that the time-dependent microscopic mean-field approach has become an important tool for the description of nuclear small and large amplitude motions. In particular, it turns out to have a rather good predictive power for many physical processes while starting directly from few parameters associated to the effective interactions. TD-EDF approaches are thus well suited to predict nuclear dynamics relevant in the astrophysics context as it often involves very exotic systems for which very little is known. For instance, the dynamic of the most exotic systems such as neutron star crusts have been recently investigated with such approaches.
91-95
Efforts have been made recently to improve the description of quantum fluctuations in collective space and to go beyond the independent particle or quasi-particle approaches. Several promising and tractable approaches have been recently pro-posed and tested. 22, 24, 47 The ultimate goal is to provide a unified description of nuclear structure and reaction processes with high predictive power for low energy nuclear physics.
